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ABSTRACT
We present photometric and spectroscopic models of the Classical T Tauri star AA Tau. Pho-
tometric and spectroscopic variability present in observations of AA Tau is attributed to a
magnetically induced warp in the accretion disc, periodically occulting the photosphere on
an 8.2 d time-scale. Emission line profiles show signatures of both infall, attributed to mag-
netospherically accreting material, and outflow. Using the radiative transfer code TORUS, we
have investigated the geometry and kinematics of AA Tau’s circumstellar disc and outflow,
which is modelled here as a disc wind. Photometric models have been used to constrain the
aspect ratio of the disc, the offset angle of the magnetosphere dipole with respect to the stellar
rotation axis, and the inner radius of the circumstellar disc. Spectroscopic models have been
used to constrain the wind and magnetosphere temperatures, wind acceleration parameter, and
mass loss rate. We find that observations are best fitted by models with a mass accretion rate
of 5×10−9 M yr−1, a dipole offset of between 10◦ and 20◦, a magnetosphere that truncates
the disc from 5.2 to 8.8 R?, a mass-loss-rate to accretion-rate ratio of ∼ 0.1, a magnetosphere
temperature of 8500 – 9000 K, and a disc wind temperature of 8000 K.
Key words: accretion: accretion discs – stars: individual: AA Tau – stars: magnetic field –
stars: pre-main-sequence – stars: variables: T Tauri
1 INTRODUCTION
Classical T Tauri stars (CTTs) are low-mass pre-main-sequence
stars. Spectroscopic studies of CTTs show high-velocity redshifted
absorption components in their recombination lines, providing ev-
idence of accretion from the circumstellar disc (e.g. Edwards et al.
1994; Muzerolle, Calvet & Hartmann 1998). Spectra also show the
presence of excess ultraviolet (UV) emission. These can be ex-
plained by a magnetospheric accretion model (Bertout, Basri &
Bouvier 1988; Ko¨nigl 1991; Hartmann, Hewett & Calvet 1994, and
references therein), in which the magnetosphere of a CTT truncates
the circumstellar disc, at which point material attaches to the field
lines and falls on to the photosphere. The accreting material trav-
els ballistically and its kinetic energy is liberated as thermal ra-
diation on impact with the photosphere, producing hotspots near
the magnetosphere poles. These are the sources of the excess UV
emission. Typical accretion rates of CTTs range between 10−7 and
10−9 M yr−1 (e.g. Basri & Bertout 1989).
Spectra of CTTs also show evidence of outflows on differ-
ent scales, with blueshifted absorption components and blueshifted
forbidden line emission present at high velocities (Mundt 1984;
Edwards et al. 1987). These signatures are thought to be due to
stellar winds, disc winds, and jets. Stellar winds are understood
to be powered by a fraction of the energy released at the base of
the accretion streams, causing material to escape along open mag-
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netic field lines from the stellar surface (e.g. Matt & Pudritz 2005).
Disc winds emanate from open field lines threading the accretion
disc (e.g. Camenzind 1990) in a bipolar conical outflow (Ko¨nigl &
Pudritz 2000). This paradigm was first proposed by Blandford &
Payne (1982) to explain observations of jets emanating from the
accretion discs of black holes, and was extended by Pudritz & Nor-
man (1983) to explain bipolar outflows associated with embedded
protostars. Highly collimated high-velocity jets, emanating from
closer to the star than less collimated disc winds, have also been
observed in association with young stellar objects (e.g. Burrows
et al. 1996; Appenzeller, Bertout & Stahl 2005). The correlation
between mass accretion diagnostics and wind signatures imply that
winds are powered by the accretion process (Cabrit et al. 1990).
Additionally, there is no evidence for mass-loss in the spectra of
weak-line T Tauri stars, i.e. when there is no accretion occurring.
While stellar winds do appear to contribute to mass-loss, disc winds
seem to dominate (Cabrit 2007). However, there are numerous pos-
sible mechanisms for disc wind formation and the precise origin,
or the relative contributions from disc winds of different origins, is
still debated (see Ferreira, Dougados & Cabrit 2006 for a review).
The magnetospheric accretion paradigm is supported by the
results of line models. Hartmann et al. (1994) reproduced observed
redshifted absorption components and blueshifted emission peaks
of Balmer lines using a simple radiative transfer model of magneto-
spheric infall. This model was extended by Muzerolle et al. (1998),
replacing the two-level atom approximation with a multilevel hy-
drogen atom in statistical equilibrium, followed by a further ex-
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tension (Muzerolle, Calvet & Hartmann 2001) which included line
broadening and sodium line calculations. Muzerolle et al. (2001)
presented a grid of models across a range of parameter space, vary-
ing magnetosphere temperature, line-of-sight inclination, accretion
rate, and magnetosphere size. They found Hα lines which included
Stark broadening were more consistent with observations than pre-
vious results. They also found instances where line profiles peaked
near zero velocity, allowing for natural interpretation of observed
CTT spectra that do not show the blueward emission peaks calcu-
lated in previous models. While a number of lines were included
in the study, Hβ was the focus of a detailed examination of pro-
file shapes. A similar study focusing on Hα was carried out by
Kurosawa et al. (2006) using the radiative transfer code TORUS.
This used the same accretion flow model and broadening mecha-
nisms as Muzerolle et al. but the model was extended to include
a self-consistent calculation for the hotspot temperature. A disc
wind was also included using the formalism of Knigge, Woods &
Drew (1995, see also Long & Knigge 2002) where a biconical wind
emerges from a rotating disc. Kurosawa et al. compared results
with a classification scheme for Hα lines proposed by Reipurth,
Pedrosa & Lago (1996), in which seven classes of line shape were
defined depending on the relative strength of the secondary peak
to the primary peak (in the case of double-peaked emission lines),
and whether the secondary falls blueward or redward of the pri-
mary. While some individual profiles were reproducible using mod-
els consisting solely of either a disc wind or a magnetospheric ac-
cretion flow, Kurosawa et al. found that all classes were readily ex-
plained using a hybrid wind-accretion model by varying the angle
of inclination to the line of sight, the ratio of mass accretion to loss
rates, the wind acceleration rate, and magnetosphere temperature
(although one class was better explained using a bipolar outflow or
spherical wind, rather than the disc-wind model).
The motivation for this study is to test the observed line for-
mation using an object which has very well constrained physical
parameters. AA Tau is an ideal candidate for magnetospheric ac-
cretion studies due to its high inclination angle of 75◦ (Bouvier
et al. 1999). It is a typical CTT, with a mass of 0.85 M and a ra-
dius of about 1.85 R. Indeed, there have been many observation
campaigns involving AA Tau, both photometric and spectroscopic
(e.g. Bouvier et al. 1999, 2003, and the All Sky Automated Survey
ASAS e.g. Pojmanski, Pilecki & Szczygiel 2005). Spectropolari-
metric observations have also been used to map the magnetic field
of AA Tau at different epochs (Donati et al. 2010). Photometric ob-
servations show periodic dips in the light curve of AA Tau, which
have been explained by azimuthally asymmetric accretion. If the
magnetosphere axis is misaligned with the rotation axis, the two
hotspots produced near the magnetosphere poles will sweep in and
out of view as the star rotates, separated by half a rotation period.
The inner regions of the disc undergo turbulence at the points of
interaction with the magnetosphere, causing two waves of material
to rise up in disc warps on opposite sides of the star (Bouvier et al.
1999). Each warp obscures the photosphere, and since the line-of-
sight inclination of AA Tau is sufficiently high, the photosphere and
hotspot in the observable hemisphere are only periodically visible.
This causes photometric variations, where AA Tau appears fainter
during occultation and brighter when the warp is behind the star.
AA Tau’s photometric period has been shown to vary from 8.2 to
8.6 d (e.g. Vrba et al. 1989; Bouvier et al. 1999; Artmenko, Grankin
& Petrov 2012). This general trend is supported by radial velocity
measurements yielding a period of 8.29 d (Bouvier et al. 2003),
although observations do show more complex variability occasion-
ally, with multiple smaller amplitude dips having been observed
by Bouvier et al. (2003) and in Pojmanski et al. (2005, hereafter
ASAS). Conversely, there have also been occurrences where no or
very little photometric variability has been apparent over a number
of stellar rotation periods. The degree of photometric variability
is expected to change with time as the geometry of the system it-
self will not remain uniform – the size of the disc warp will vary
as the field lines break and reconnect, with short-term variations
between rotations due to changes in the local density of material.
Photometric variations have been found to reach an amplitude of
∆V ∼ 1.7 mag. Since the photometric period is generally simi-
lar to the rotational period of AA Tau, a constraint is placed on
the position of the inner edge of the disc, which is equal to the
Keplerian corotation radius of 8.8 R? for an 8.22 d period. While
initially AA Tau’s photometric behaviour was regarded as atypical
of CTT photometry, light curves showing ‘AA Tau-like’ variations
– that is, variations due to an occulting wall, rather than more pe-
riodic variations due to solely the hotspot or completely irregular
variations – have been observed in ∼28 per cent of CTTs (Alen-
car et al. 2010), from a sample of 83 CTTs. AA Tau is a partic-
ularly well-constrained object geometrically and shows signatures
of azimuthally varying accretion and outflow, both photometrically
and spectroscopically, which are consistent with the paradigm of
magnetospheric accretion. We are therefore able to use this star-
disc-wind system to strongly test the paradigm of magnetospheric
accretion in relation to CTTs in general.
Observational photometry from Bouvier et al. (1999, 2003,
2007, hereafter B99, B03, and B07 respectively) and ASAS is pre-
sented in Section 2 followed by a description of the model calcu-
lations and an analysis of the results. Observational spectroscopy
from B07 is presented in Section 3, followed by a description of
the radiative transfer code TORUS. Synthetic Hα, Hβ and Hγ spec-
tra for AA Tau are presented, followed by an analysis of the re-
sults. The implications of these results are discussed in Section 4,
followed by a summary in Section 5.
2 PHOTOMETRY
The aim here is to use a self-consistent geometrical model of a mag-
netosphere and an optically thick disc warp to produce synthetic
light curves of AA Tau. Models were run using the radiative trans-
fer code TORUS (Harries 2000; Symington, Harries & Kurosawa
2005). Various synthetic light curves were produced by varying nu-
merous parameters and the resulting data were compared with pho-
tometric observations in order to find the parameter set most con-
sistent with observations. It is well-known that occultation events
come and go, with epoch to epoch variations observed across oc-
cultations, so we collated as much photometric data as was publicly
available to compare with the resulting synthetic light curves. We
cannot expect a single parameter set to consistently fit all epochs
since the magnetic field of AA Tau varies azimuthally, causing the
height of the warp (and hence the depth of the occultation) to vary
over time. We are therefore looking for a model which is broadly
consistent with the typical deep occultation events observed to oc-
cur over an 8.22 d period.
2.1 Observational photometry
B- and V -band photometric data from B99 were obtained in
November and December 1995, data from B03 were obtained be-
tween August 1999 and January 2000, and data from B07 were ob-
tained between September 2004 and January 2005. Additional V -
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Table 1. Sources of photometric data and the amount of data obtained in
each case.
Source Filter Dates of observations No. of data points
Bouvier et al. (1999) 11/11/95 – 11/12/95 262 (B), 275 (V )
Bouvier et al. (2003) BV 09/08/99 – 05/01/00 250 (B), 273 (V )
Bouvier et al. (2007) 11/09/04 – 25/01/05 99 (B), 115 (V )
13/12/02 – 13/03/03 55
10/08/03 – 24/02/04 64
21/09/04 – 19/12/04 101
Pojmanski et al. V 17/08/05 – 02/01/06 44
(2005) 20/08/07 – 06/03/08 48
13/09/08 – 28/02/09 36
14/09/09 – 27/11/09 10
band data from ASAS were obtained between December 2002 and
November 2009. These have been split into 7 epochs for the pho-
tometric analysis, as shown in Table 1. While a number of these
epochs do not have sufficient data for a detailed study on varia-
tions in the structure of AA Tau over individual rotations, they are
still useful in determining the average nature of AA Tau’s varying
structure over time. All data are plotted in Fig. 1, demonstrating the
long-term variation in photometry. One clear source of variation
between data sets is the photometric amplitude. B99 data shows
a photometric amplitude of about 1.6 mag in V , which decreases
to about 1.0 mag in B03 and B07 (although B03 shows two lumi-
nosity dips per period, and one instance where a dip disappeared
in one cycle). It is obvious from Fig. 1 that the data from the first
portion of the 1999 observing campaign does not produce well-
defined photometric modulation, with variations of about 0.6 mag
over a number of weeks. A similar ‘quiet’ spell occurs in 2005 –
2006, with even less photometric variation. Conversely, data from
2007 – 2008 show variations returning to about ∆V = 1.5 mag.
In addition to variations in amplitude, AA Tau also exhibits
variations in brightness. Fig. 2 shows the average out-of-occultation
V -band magnitudes for each data set. Each set of observational data
were phased, where phase ϕ = 0 is out of occultation and ϕ = 0.5
is during occultation. The mean magnitude was calculated for data
with ϕ < 0.1 and ϕ > 0.9 to find the average out-of-occultation
magnitude during each epoch, along with the standard deviation of
each data set. The global mean and standard deviation are given by
the blue line and light blue shaded region, respectively. The global
mean lies at V = 12.73 while the full spread in data varies from
a maximum brightness of V = 12.37 (ASAS 5) to a minimum
brightness of V = 13.70 (ASAS 6). The range in individual data
sets is denoted by red dashes.
Colour changes are evident in AA Tau’s photometry, with the
average (B – V ) colour increasing from ∼1.25 in 1995 to ∼1.42
in 1999 (B03). This reddening has been attributed to a lower ac-
cretion rate in 1999, causing a reduction in the blue excess. The
average (B-V ) colour remained in the region of 1.4 in the 2004 ob-
servations, although there is more dispersion. In each case the vari-
ations in colour are significantly less than the variations in bright-
ness, with colour variations of about 0.4 mag in 1995 compared to
a brightness decrease of about 1.6 mag in B and V . Colour vari-
ations decreased to about 0.3 mag in 1999 and 2004, with photo-
metric amplitudes of about 1.0 mag in each case. Phased colour
plots are presented in Fig. 3, along with phased B and V observa-
tions. While the 1995 colour plot appears show the system being
Figure 2. Average out-of-occultation magnitudes for each data set. The data
points follow the order of B99, B03, B07, and ASAS 1–7. Note that the 7th
ASAS epoch has no error bars as there was only one data point falling within
the defined phases, but has been included for completeness. The global
mean is given by the blue line, with the global standard deviation given
by the shaded blue region.
bluer when fainter, there is no evidence of a correlation between
colour and brightness in later observations. As pointed out by B07,
the bluest and reddest colours in the 2004 data both occur during
brightness minimum.
Recently AA Tau’s photometry has changed significantly, with
a decrease in the average brightness level by ∼2 mag occurring
during 2011 (Bouvier et al. 2013). Observations taken in 2011 show
no evidence of coherent photometric modulations, but by the end of
2012 an 8.2 d period is recovered (while remaining faint). V -band
magnitudes during this period range from V ' 14 to V ' 16.5,
with an average brightness of V ' 14.8 and an amplitude of up to
0.9 mag. This has been attributed to a density perturbation in the
disc, resulting in an increase in visual extinction from Av = 0.8
mag (B99) to Av > 4 mag with no evidence for any significant
change in the mass accretion rate.
2.2 Geometry
The magnetosphere of AA Tau is modelled as a dipole field along
which we assume circumstellar material to be travelling ballisti-
cally. This flow is defined by the mass accretion rate M˙acc, stellar
mass M?, stellar radius R?, dipole offset θ, and inner and outer
magnetosphere radii, ri and ro respectively. The dipole offset is
the angle by which the dipole is tilted with respect to the axis of
rotation, where θ = 0◦ describes a system in which the magnetic
field and stellar rotation axis are aligned. The system is also in-
clined to the observer by an angle i. The effects that i and θ have
on the observed photometric variations of T Tauri stars have been
studied in detail by Mahdavi & Kenyon (1998). They also discuss
the most likely path that accreting material will take. A tilted dipole
results in some field lines providing a longer path to the stellar sur-
face than others. Material in the accretion disc will therefore need
to travel further along some lines than others. Material travelling
along the longer lines needs to gain potential energy in climbing
the line, whereas material travelling from the same position in the
disc but over the opposite, shorter field line is able to simply fall
on to the star. Surface hotspots are defined geometrically where
the flow hits the stellar surface. We assume that all the kinetic en-
ergy from the accretion flow is liberated as thermal radiation. The
temperature of these hotspots is calculated from the accretion lu-
minosity and the area of the hotspots. Typically we have found that
the hotspots cover about 2 per cent of the stellar surface.
Material is assumed to accrete from around the corotation ra-
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B-band, 1995 – 2005
V -band, 1995 – 2010
Figure 1. All B- and V -band photometry for AA Tau from 1995 - 2010 (Bouvier et al. 1999, 2003, 2007; Pojmanski et al. 2005). Data from Bouvier et al. is
shown with circles and ASAS data with crosses. Short-term variations in photometric behaviour are clear, for instance in 1999 – 2000 where the system shows
little variation initially but exhibits deep luminosity dips after just a few weeks. A similar ‘quiet’ period is evident towards the end of 2005.
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Figure 3. B and V photometry for AA Tau from B99, B03 and B07. B − V colours for each data set are on the right. Observations are phased over a period
of 8.22 d, where the system is out of occultation at phase ϕ = 0 and at maximum occultation at ϕ = 0.5. Data from B03 shows two occultation events in one
period. This is not an effect of phasing the data as this double trough is also clear in the unphased data.
dius, interior to which the disc is truncated by the magnetic field.
ri and ro define the inner and outer radii at which closed magnetic
field lines transport material from the disc to the star. In the models
presented here, material is assumed to accrete only along energet-
ically favourable field lines, resulting in an azimuthal variation in
accretion spot luminosity. The resulting shocks from material hit-
ting the stellar surface produce an accretion signature in the form
of a thin elliptical arc near the magnetic pole in each hemisphere.
The photometric variations of AA Tau have been attributed to
a warp in the circumstellar disc (B99), caused by the tilt of the mag-
netic dipole. This produces an optically thick occulting wall. The
wall height of the inner disc has been modelled as an azimuthally
varying cosine function by B99,
h(φ) = hmax
∣∣∣∣cos pi (φ− φ0)2
∣∣∣∣ , (1)
where h is the height of the disc at azimuth angle φ and φ0 is the
azimuth at which the disc is at its highest, hmax. This relation has
been shown roughly to fit observations. The photometric minima
then correspond to times when the highest part of the disc wall
occults the star. The occulting warp in our model is defined in a
similar manner to B99, in that it is parameterized by the aspect ratio
hmax/ro. An illustrative model of the disc-star system is shown in
Fig. 4. We do not consider the outer disc structure since this will
have negligible effect on the line profiles.
2.3 Stellar Parameters
Numerous simulations were run for AA Tau over a range of param-
eter space. The stellar parameters used in the model are listed in
Table 2 with the mass accretion rate (M˙acc), dipole offset (θ), as-
pect ratio (hmax/ro), and inner magnetosphere radius (ri), which
were varied. Stellar parameters were taken from B99, determined
as follows: L? was calculated using the observed V -band mag-
nitude of 12.5, when AA Tau is not obscured by the warp, with
a bolometric correction of −0.87 ± 0.15 (Kenyon & Hartmann
1995). For a star at a distance of 140 pc, this yields a stellar lu-
minosity of L?/L = 0.8 ± 0.1. Assuming the standard effec-
tive temperature for a K7 dwarf, Teff = 4030 ± 30 K, a stel-
lar radius of R?/R = 1.85 ± 0.15 was determined. The mass
of M? = 0.85 M was found from stellar evolution models. A
high inclination angle i is apparent, since deep central absorption
is present in Balmer emission lines. The source of this absorption
is thought to be equatorial, lying at or above one stellar radius from
the disc (Kwan 1997). The line of sight must intercept both this disc
corona and the top of the accretion column in which the Balmer
lines are formed in order to explain these observations. A value of
i = 75◦ has been adopted, yielding a rotation period of 8.22 d using
v sini = 11 km s−1 (B99), which is consistent with observations
(e.g. Vrba et al. 1989).
A quadratic limb darkening law from Kopal (1950) has been
adopted, given by
Iµ/I0 = 1− a(1− µ)− b(1− µ)2, (2)
where µ is the cosine of the angle subtended by the normal to a
given point on the stellar surface and the line of sight, Iµ is the
intensity of the emergent radiation at angle cos−1 µ, and I0 is the
intensity of centrally emergent radiation, i.e. at µ = 1. a and b are
wavelength dependent linear and quadratic limb darkening coeffi-
cients respectively. The coefficients used in the model for B and V
bands are given in Table 2, as well as the central wavelengths of
these bands.
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Figure 4. AA Tau, modelled with TORUS. The density structure of the magnetosphere is shown on the left with AA Tau shown centrally in white. The density
of material covers two orders of magnitude, increasing from 2× 10−14 g cm−3 (blue) to 2× 10−12 g cm−3 (red). The temperature structure of AA Tau is
shown on the right, with the hotspot clearly visible.
Table 2. Parameters for our grid of models. Stellar parameters i, M?, R?,
Teff and ro are fixed, taken from B99. Effective wavelengths and limb
darkening coefficients are from Howarth (2011). Model parameters M˙acc,
hmax/ro, ri and θ have been fitted using the values listed here.
Parameter Description Value
i Stellar inclination 75◦
M? Stellar mass 0.8 M
R? Stellar radius 1.85 R
Teff Effective temperature 4000 K
log g Surface gravity 3.8
ro Outer magnetosphere radius 8.8 R?
λeff (B) Effective wavelength (B passband) 4576.4 A˚
λeff (V ) Effective wavelength (V passband) 5608.3 A˚
aB Limb darkening coefficient a (B-band) 1.054
bB Limb darkening coefficient b (B-band) – 0.165
aV Limb darkening coefficient a (V -band) 0.830
bV Limb darkening coefficient b (V -band) 0.016
M˙acc Accretion rate 1× 10−9
(M yr−1) 2× 10−9
5× 10−9
1× 10−8
hmax/ro Aspect ratio 0.29
0.30
0.31
0.32
0.33
0.34
ri Inner magnetosphere radius 5.2
(R?) 6.4
7.6
θ Dipole offset 10◦
20◦
30◦
40◦
2.4 Numerical method
The radiative transfer code TORUS (Harries 2000; Symington et al.
2005; Kurosawa et al. 2006) uses the adaptive mesh refinement
(AMR) technique to sample each region of the system being sim-
ulated (e.g. magnetosphere, accretion disc) with sufficient resolu-
tion, without being too computationally expensive. For 2D models
the simulation space is 2D cylindrical and rotationally symmetric in
azimuth. Splitting occurs across the cylinder radius r and height z
to produce a grid of squares, where each square is the cross-section
of a given annulus. 3D simulations use a 3D cylindrical coordi-
nate system in which the top level of the AMR mesh is a cylinder
that has a height equal to its radius. Child cells may be formed
by either splitting the parent equally in both height, radius, and
azimuthal extent (resulting in eight children), or by just splitting
equally in height and radius (resulting in four children). In general
the cells are truncated, cylindrical shells. The principle advantage
of this method is that the grid need only be refined in regions where
there are significant departures from rotational symmetry, thus min-
imizing the global number of grid cells. There are 3 components
considered in the photometric models, namely the photosphere, the
magnetosphere, and the accretion disc. A disc wind is also included
in the spectroscopy models. The setup of these components is de-
scribed in detail in Kurosawa et al. (2006) (see also Symington et al.
2005). In summary:
– The photospheric contribution to the continuum flux is as de-
scribed in Section 2.3. There is an additional contribution from the
hotspots that form at the base of the accretion streams due to the
thermalized kinetic energy of the infalling gas, which is assumed
to radiate away as blackbody emission (Hartmann et al. 1994).
– We use the accretion flow model of Hartmann et al. (1994,
see also Muzerolle et al. 2001). The density and velocity of the
gas at a given point along the field lines are calculated by applying
the conservation of mass using the method of Mahdavi & Kenyon
(1998).
– The disc wind configuration of Knigge et al. (1995) is used.
This is a biconical geometry parameterized by the mass-loss
rate, the degree of collimation, the velocity gradient, and the
wind temperature. The azimuthal velocity component vφ is calcu-
c© 2014 RAS, MNRAS 000, 1–17
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lated simply from the Keplerian rotational velocity at wi, where
vφ(wi, z = 0) = (GM?/wi)1/2, where wi is the distance between
the cylindrical axis z and the emerging point on the disc. Assuming
conservation of specific angular momentum, the azimuthal velocity
component is vφ(w, z) = vφ(wi, 0)(wi/w), where w is the cylin-
drical radius. The radial velocity component vr is calculated using
a modified form of the β velocity law for hot stellar winds (Cas-
tor, Abbott & Klein 1975). The formulation of Castor & Lamers
(1979) is used, where the velocity of material at a distance r from
the rotational axis z is defined as
vr(r) = v0 + (v∞ − v0)
(
1− R?
r
)β
, (3)
where v0 is the velocity of material at the base of the wind stream
and v∞ is the terminal velocity. β is an acceleration parameter
where smaller values of β yield greater acceleration.
Photometric models are calculated by constructing a grid of
rays and integrating a formal solution to the equation of radiative
transfer along multiple lines of sight. The rays are chosen to sam-
ple the photosphere, the hotspots, and the disc wall with sufficient
coverage for each component of the system. For the spectroscopic
models, once the grid has been constructed the solution to the equa-
tion of statistical equilibrium from Klein & Castor (1978) is com-
puted for pure hydrogen under the Sobolev approximation (see also
Rybicki & Hummer 1978; Hartmann et al. 1994). We solve the rate
equations using the method detailed in Symington et al. (2005) and
Kurosawa et al. (2006). Line profiles are then computed by a ray
tracing technique, with observed flux calculated by performing a
formal integral of the specific intensity at the outer boundary of the
simulation space, in the direction of the observer, over all frequen-
cies.
2.5 Synthetic photometry
Monochromatic flux F calculated in the model was converted to
apparent magnitude m using
m = −2.5 log
(
F
F0
)
(4)
where F0 is a normalizing flux, corresponding to m = 0, with
F0 = 6.4 × 10−9 erg s−1 cm−2 A˚−1 for the B-band and F0 =
3.75×10−9 erg s−1 cm−2 A˚−1 for the V -band (Cox 2000). The re-
sulting photometry was folded over an 8.22 d period (Bouvier et al.
2007) and reddened by AV =0.78 (B99) or AB =1.03, adopting
a reddening constant of 3.1 (Schultz & Wiemer 1975), for direct
comparison with observations. The point of maximum occultation
has been set to occur at a phase of 0.5, with no occultation at phase
0. Ideally a statistical analysis using a χ2 minimalization technique
would have been performed to determine the best fitting parame-
ters. However, due to the variability of AA Tau’s photometry, we
have taken a pragmatic approach in selecting a best fitting model,
judging the level of agreement between models and observations
over different epochs by eye.
B99 calculated an accretion luminosity of Lspots = 6.5 ×
10−2 L using the blue excess determined from photometric ob-
servations, where
Lspots = AspotsσT
4
spot. (5)
Aspots is the area of the stellar surface which is covered by the
accretion spots, and Tspot is the spot temperature, found using the
B-band flux of a spot measured from AA Tau’s spectral energy
Table 3. The range of accretion luminosities calculated for different mass
accretion rates
M˙acc (M yr−1) Lmin (10−2 L) Lmax (10−2 L)
1× 10−8 10.9 12.5
5× 10−9 5.5 6.1
2× 10−9 2.1 2.5
1× 10−9 1.1 1.2
distribution. The B99 accretion luminosity was used to determine
the best mass accretion rate from the models presented here. The
range of accretion luminosities calculated in different models for
each accretion rate is given in Table 3. An accretion rate of M˙acc =
5×10−9 M yr−1 has been selected, being the accretion rate most
consistent with the accretion luminosity from B99.
2.6 Results
It is clear that the AA Tau system varies considerably over time,
so there will be a number of different parameter sets that provide
the best fits to the data at different times. For this reason, we have
averaged all of the available data and will compare this mean light
curve with our models. We then compared the best fitting models
for the averaged data with individual data sets to determine the set
of parameters that best describes the system over the longest period
of time. The average B and V light curves are presented in Fig. 5.
B-band data are binned into 10 bins per phase and V -band data are
binned into 20 bins per phase. The solid line shows the mean mag-
nitude in each bin along with the standard deviation. The median
magnitude is given by the dotted line. The shaded region gives the
range in magnitudes in which the median 80 per cent of data falls.
Comparison plots between the averaged observational data
and our models are presented in Appendix A. One obvious fea-
ture is the offset between averaged observational data and mod-
elled data in the V -band by about 0.2 mag. The data from B99
will contribute significantly to this due to the large number of
observations obtained and the fairly consistent out-of-occultation
V -band magnitude of 12.7. While there are other data sets that
give even fainter average out-of-occultation magnitudes, these have
large amounts of scatter and, individually, fit the modelled bright-
nesses fairly well, as will be discussed. The maximum brightness
has been shown to vary with time, with fluctuations around the
12.4-12.7 mag level over the last 25 years (Fig. 6).
From Fig. 3, AA Tau is clearly bluer in 1995–96, which im-
plies that the change in brightness is not inherent to the star itself.
Since B99 V -band data are systematically fainter both in and out of
occultation, the cause is also not likely to be a change in the warp
structure. This points to an azimuthally symmetric density pertur-
bation in the disc, obscuring the photosphere even when the warp
is on the opposite side of the star. Since the only obscuring mate-
rial included in the model is the warp itself, our expectation is that
the model will systematically lie above the average V -band pho-
tometry, since we calculate the maximum brightness for a given
parameter set. Disappearance of this perturbation would then cause
the brightness to increase in V back to the level calculated in the
model, without significant change in the B-band since the density
perturbation is restricted to the plane of the disc, thus not obscuring
the hotspot.
The aspect ratio appears to be the parameter best con-
strained by observations. Synthetic light curves from a disc with
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Figure 5. Average light curves for B-band (top) and V -band (bottom) ob-
servations split across 10 bins per phase in B and 20 bins per phase in V .
The solid line shows the mean brightness in each bin and the dashed line
shows the median. The standard deviation of each bin is shown by the error
bars. The brightest 10 per cent and faintest 10 per cent of the data have been
removed with the remaining 80 per cent shown in the shaded region.
Figure 6. Variations in brightness maxima for AA Tau from 1987 to 2010.
Observations from Grankin et al. (2007) are shown in red, observations
from B99, B03 and B07 in black, and observations from ASAS in green.
The solid line shows the maximum out-of-occultation brightness computed
by our models. A minimum in the observations is apparent around the early
1990s, with a maximum occurring 10 – 15 years later. (Adapted from Bou-
vier et al. 2013.)
hmax/ro > 0.33 occult too much of the photosphere (see
Figs A3 – A5). B-band models begin to fit reasonably well at
hmax/ro = 0.32 at low dipole offsets but V -band models still
show excessive occultation (Fig A2). Further discussion will there-
fore be restricted to hmax/ro = 0.29, 0.30 and 0.31. As mentioned
above, B-band fits will be selected not just according to the shape
but also the brightness. A dipole offset of 40◦ gives light curves
which are too bright to match observations (Figs A8 and A9). A
30◦ offset does fall in the bright end of the range in the average
B photometry, but is still consistently brighter than the mean mag-
nitude (Figs A6 and A7). The dipole offset is therefore restricted
to 10◦ and 20◦. The smallest magnetosphere size, with ri = 7.6,
does not produce sufficient occultation in the B-band for any of
the models with hmax/ro 6 0.30 (e.g. Fig A7, dash-dotted line).
Figure 7. Fits toB-band photometry. The data source and parameter set are
labelled on the top left of each plot. Dashed lines show the largest magne-
tosphere size, ri = 5.2 R?, and dotted lines show ri = 6.4 R?.
While the fit is sufficient in B for hmax/ro = 0.31, the occulta-
tion depth in V is much greater than the mean magnitude (Fig A1,
bottom). The inner magnetosphere radius is therefore restricted to
ri = 6.4 and 5.2 R?.
Since the size of the magnetosphere has very little effect on
V -band photometry, individual B-band data sets were used to de-
termine the best magnetosphere size. The ranges determined above
were considered, with the exception of ri = 6.4 R? where θ = 10◦
or 20◦ with hmax/ro = 0.29, and where θ = 20◦ with hmax/ro =
0.30, i.e. smaller magnetosphere with larger offset and smaller wall
heights, since there is not enough occultation to produce the re-
quired luminosity dip. The B-band fits are given in Fig. 7. B03
data are difficult to fit due to the unusual shape of the light curve
with two minima present in one phase. B07 data could fit either
magnetosphere size, with evidence for both shallower and deeper
minima than the models, although the smaller magnetosphere size
does not fit the θ = 20◦ model so well. Due to the large amplitude
measured in B99, the larger magnetosphere size provides the best
fit. An inner magnetosphere radius of ri = 5.2 R? has therefore
been selected.
hmax/ro and θ have been selected by comparisons between
models and ASAS observations, since the B99 V -band data have
a significant systematic offset, the B03 data contains two minima
either side of ϕ = 0.5, and the B07 data were obtained at the same
epoch as ASAS 3. The remaining parameter sets are shown in Fig. 8.
While models with hmax/ro = 0.29 fit ASAS 6 well, and ASAS
2 when accounting for a slight V -band offset, they do not have
a sufficient amplitude to fit the majority of epochs. Either of the
remaining wall heights are acceptable, but hmax/ro = 0.31 has
been selected since it is the deeper of the two, better suiting ASAS
3 and ASAS 5 - two of the cleanest light curves. There is very little
difference in models with θ = 10◦ and θ = 20◦. These best fits
are shown in Fig. 9. We have selected θ = 10◦ in preference to
θ = 20◦ on the basis of results from spectral line modelling (see
Section 3.2.2).
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Figure 8. Fits to ASAS data for hmax/ro = 0.29 (top), 0.30 (middle), and
0.31 (bottom), with θ = 10◦ (dashed) and θ = 20◦ (dotted). The date of
each epoch is labelled on the top left of each plot.
In summary, the aspect ratio is fairly well constrained by pho-
tometry, with acceptable fits given by hmax/ro = 0.29 – 0.31 and
a best fit given by hmax/ro = 0.31. The inner magnetosphere
radius and dipole offset are less well constrained. We have found
ri ∼ 5.2 – 6.4 R?, with 5.2 R? selected on the basis that it gives a
deeper minimum during occultation, better fitting some of the indi-
vidual data sets. Dipole offset values of θ < 30◦ provide the best
fits, but θ cannot be constrained beyond this with photometry alone.
3 SPECTROSCOPY
In a similar method to the photometric study described above, a
number of synthetic spectra for AA Tau have been modelled over
various parameters using the radiative transfer code TORUS, where
results were compared with observed hydrogen spectra obtained
by B07. Observational results are given in 3.1 and the model is de-
scribed in Section 2.4. Synthetic spectra for AA Tau are presented
in Section 3.2.
3.1 Observational spectroscopy
Emission line profiles for Hα, Hβ and Hγ, from B07, were taken be-
tween October and December 2004 (JD 2453288 – 341) at the ESO
La Silla 3.6 m telescope with the HARPS high-resolution echelle
Figure 9. Best fits to average photometric data from B99, B03, B07, and
ASAS. The solid line shows the mean brightness at each phase with the
standard deviation given by the error bars. We found observations were best
fitted by models with M˙acc = 5 × 10−9 M yr−1, ri = 5.2 R? and
hmax/ro = 0.31. The dashed line shows θ = 10◦ and the dotted line
shows θ = 20◦.
spectrograph. 22 spectra for each line were obtained in total, cov-
ering the 3800 – 6900 A˚ spectral domain at a spectral resolution
of λ/∆λ ≈ 115 000 with a signal-to-noise ratio between 10 and
30 at 600 nm. The line profiles have been phased over an 8.22 d
period, as with the photometry. They were rectified by manually
defining line-free continuum bins, performing a polynomial fit to
the continuum level, and dividing each line profile by the resulting
continuum. Rectified line profiles are shown in Fig. 10. We have
focussed on fitting Hβ which (at some phases) displays the classi-
cal inverse P Cygni (IPC) absorption which is associated with the
magnetospheric accretion paradigm.
As with photometry, the shape and intensity of emission line
profiles vary over short time-scales, with variations often apparent
between profiles separated by just one or two rotations. The phase
ordered spectra will therefore appear to vary somewhat erratically
from one phase to the next. However, when ordered by date and
grouped into individual rotations, variations between adjacent spec-
tra are reduced and more of a trend is apparent during an individual
rotation (e.g. see Fig. 11 for Hβ). An interpretation of the spectral
features seen in these profiles is given in B07, but in summary:
– A deep, blueshifted central absorption is always present, con-
sistent with an outflow;
– High-velocity redshifted absorption for phases around ϕ =
0.5, i.e. during photometric minimum, with the result that Hα pro-
files have a triple-peaked appearance around this phase, whereas in
Hβ and Hγ profiles the red wing is suppressed completely. In some
instances the absorption falls below the continuum level in an IPC
profile shape. This redward absorption is consistent with a line of
sight down the main accretion funnel flow;
– The redshifted absorption component is not as pronounced in
cycles with a shallow photometric minimum (e.g. JD 3308), consis-
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Figure 10. Emission line profiles for Hα (top), Hβ (middle), and Hγ (bottom), from Bouvier et al. (2007). Profiles are ordered by rotational phase.
JD − 2450000 is given on the top right of each profile, with phase underneath.
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Figure 11. Observational spectra for Hβ, ordered by date. Spectra obtained
during one rotation are plotted in each row. JD − 2450000 is given in the
top right and phase underneath.
tent with a low accretion rate and thus a small (perhaps negligible)
disc warp.
Each of these features have been found in numerous observa-
tions of other CTTs to varying degrees, with Hα typically demon-
strating blueshifted central absorption more so than higher lines,
but with higher lines typically showing IPC shapes (e.g. Edwards
et al. 1994; Alencar & Basri 2000; Folha & Emerson 2001).
3.2 AA Tau Synthetic Spectra
As with photometry, different parameter sets will give the best fits
at different times due to the variability of AA Tau’s magnetic field.
Each model produced line profiles from 20 different rotational
phases. Natural, van der Waals, and Stark broadening for Hα was
included using the parameters listed in Table 4, but no broadening
was included for Hβ and Hγ lines since broadening is less impor-
tant here. The best fitting parameters obtained in the photometric
study (M˙acc = 5×10−9 M yr−1, ri = 5.2 R?, hmax/ro = 0.31)
have been kept constant. The maximum temperature in the magne-
tosphere Tmag , wind acceleration parameter β, mass-loss from the
disc wind M˙wind, and wind temperature Twind were varied over
dipole offsets of θ = 10◦ and 20◦. Values for M˙wind were chosen
such as to give M˙wind/M˙acc values of 0.05, 0.10, 0.15 and 0.20
to study the parameter space around the canonical value of 0.1.
Magnetosphere temperature Tmag was modelled at 8000, 8500 and
9000 K and wind temperatures Twind at 7000, 8000 and 9000 K.
β values were modelled at 0.5, 1.0 and 2.0. The full range of pa-
rameter space is presented in Table 4.
Table 4. Parameters used for the spectroscopic study, in addition to the
stellar parameters given in Table 2. The disc wind parameters rwi to f are
taken from Kurosawa et al. (2006). The broadening parameters are taken
from Luttermoser & Johnson (1992) and are for Hα only. Model parameters
Tmag , β, M˙wind and Twind have been fitted using the values listed below.
Parameter Description Value
rwi Inner disc wind radius 1.0 ro
rwo Outer disc wind radius 35.6 ro
d Position of wind source points 7.33 rwi
α Exponent in mass-loss rate per unit area 0.76
γ Exponent in disc temperature power law -1.15
Rs Effective acceleration length 8.8 rwi
f Scaling on the terminal velocity 2.0
Crad Natural broadening parameter 6.4× 10−4 A˚
CvdW van der Waals broadening parameter 4.4× 10−4 A˚
CStark Stark broadening parameter 1.17× 10−3 A˚
λHα Hα wavelength 6562.8 A˚
λHβ Hβ wavelength 4860.9 A˚
λHγ Hγ wavelength 4340.0 A˚
Tmag Magnetosphere temperature 8000 K
8500 K
9000 K
β Wind acceleration parameter 0.5
1.0
2.0
M˙wind
M˙acc
Ratio of mass-loss rate 0.05 – 0.15
to mass accretion rate
Twind Disc wind temperature 7000 – 9000 K
3.2.1 Magnetosphere only
Spectra for magnetosphere-only models have been calculated to ad-
dress the question of whether observed profiles can be fitted by a
model with no disc wind. A study of Hα line profiles by Kuro-
sawa et al. (2006) found that magnetosphere-only models were not
able to reproduce all of the properties observed in CTT profiles,
although the accretion in their model was axisymmetric with no
dipole offset. Here we use our non-axisymmetric magnetosphere-
only models, including a disc warp, to draw comparisons between
observations and synthetic spectra for AA Tau. A selection of line
profiles are presented in Fig. 12 for Hα, Hβ and Hγ at each mag-
netosphere temperature. Models are shown at phases of 0.0 (out of
occultation) and 0.5 (during occultation) with θ = 10◦.
There are features of the magnetosphere-only model that are
found in observed profiles such as redshifted absorption compo-
nents at ϕ = 0.5, as expected for observations down the accretion
stream. Another feature is the blueshifted emission at ϕ = 0.0,
when the accretion stream in the observable hemisphere is at the
back of the star relative to the line of sight. However, it is quite
clear that the slightly blueshifted deep absorption apparent in ob-
servations is not reproduced by any of these magnetosphere-only
models. We have included a disc wind in the following models in
an attempt to resolve this discrepancy.
3.2.2 Magnetosphere and wind
We have included a disc wind as described in Section 2.4 (see also
Kurosawa et al. 2006) with wind parameters as given in Table 4. We
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Figure 12. Magnetosphere-only models for Hα, Hβ and Hγ at a range of temperatures at ϕ = 0.0 and ϕ = 0.5. Observed profiles are given in blue, and the
continuum level is shown by the dashed line.
first studied the effect of wind temperature Twind and acceleration
β, with results given in Fig. 13. Our line profiles are given in black
with observations in blue. Magnetosphere contributions are shown
in red. The central deep absorption is present in our models for
hotter, more slowly accelerating winds when the magnetosphere
contributes less to the profile shape relative to the wind.
Very little emission is present for models where Twind =
7000 K, expect for Hα profiles, although the deep absorption com-
ponent appears when β = 2.0. For winds at 8000 K the modelled
profile shape matches the observed Hβ profile reasonably well for
β = 2.0, although the model is a little weak for Hγ and strong for
Hα. A similar result is found for Twind = 9000 K with β = 1.0.
There is a degeneracy for wind temperatures between 8000 K and
9000 K and acceleration parameters between 1.0 and 2.0 where a
number of different values will also provide sufficient fits to the
observations. Physically this is a result from the degeneracy be-
tween density and temperature. The density of the wind is coupled
to the acceleration parameter and the mass-loss rate, with temper-
ature contributions defined by Tmag and Twind. We have selected
a wind temperature of Twind = 8000 K and β = 2.0 for our pa-
rameter fitting for the disc wind, but even by eliminating β as a
free parameter there will still be a degeneracy in density from the
mass outflow rate, where the greater intensity in line profiles with
an increased mass outflow rate can be reduced again by decreasing
one or both of the temperature parameters. For this reason, we are
unable to extract a definitive best fitting parameter set to describe
the disc wind, especially since we are restricted to hydrogen re-
combination lines. It may be possible to break this degeneracy with
additional lines such as He I (e.g. Kwan, Edwards & Fischer 2007;
Kurosawa, Romanova & Harries 2011).
A more precise dipole offset angle appears to be better con-
strained by spectroscopy than photometry, having already been re-
stricted to about 10◦ – 20◦. There is very little difference between
the two out of occultation, as to be expected, but differences do
become apparent during occultation. Models at ϕ = 0.5 for Hβ
are shown in Fig. 14 to demonstrate this, with Twind and β as
above. There is high-velocity redshifted absorption present for both
θ = 10◦ and θ = 20◦, but the absorption is stronger for the
θ = 20◦ cases. There is also a difference in the relative emission
Figure 14. Comparisons between observed spectra and models for Hβ
with θ = 10◦ (left) and θ = 20◦ (right). M˙wind/M˙acc = 0.1 and
Tmag = 8500 K in each case. Twind is modelled at 7900 K (top) and
8100 K (bottom).
strengths of the blue and red peaks, with a greater blue-to-red ratio
in the θ = 10◦ cases. Since observations show only slight high-
velocity redshifted absorption and stronger emission in the blue
peak than the red (with the red completely damped in some cases),
we have chosen a dipole offset of θ = 10◦.
For the β and Twind values determined above there is very
little magnetosphere contribution to the line profile, so we have
neglected further study of magnetosphere temperatures below
8400 K. We have assigned a maximum magnetosphere temperature
of 9000 K, since this produces an Hβ profile of comparable inten-
sity to observations at ϕ = 0.0, and exceeds the observed intensity
of some of the observed profiles around ϕ = 0.5, without any con-
sideration for the addition of a disc wind. The effect of the mag-
netosphere temperature on Hβ profiles in the range of 8400 K and
9000 K is shown in Fig. 15. Note that the only considerable change
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Figure 13. Magnetosphere with wind models for Hα, Hβ and Hγ at ϕ = 0.0, with θ = 10◦. Wind temperature and the acceleration parameter are varied with
Twind = 7000, 8000 and 9000 K, and β = 0.5, 1.0 and 2.0. Our line profiles are shown in black, observed profiles are shown in blue, and the magnetosphere
contribution is given in red.
Figure 15. Variation of the Hβ profile shape with different Tmag val-
ues. ϕ = 0.0 is shown on the left and ϕ = 0.5 on the right. Ob-
served profiles are in grey for comparison. All profiles are calculated with
M˙wind/M˙acc = 0.1 and Twind = 8000 K.
between models with different magnetosphere temperatures at ϕ =
0.0 is the strength of the blueward emission due to the visibility of
part of the accretion stream behind the star. There is also a slight
increase in the broadening of the blue wing at the highest tempera-
tures. The same variations in intensity occur at ϕ = 0.5 for redward
emission, where the effect is more pronounced since the entire ac-
cretion stream is in view. In general the blue peak is the primary
in these observations, pointing towards a magnetosphere tempera-
ture of 8500 K which maintains the largest achievable difference
in intensity between the primary and secondary peaks. However,
higher temperatures are required to achieve sufficient broadening,
in which case the wind must be able to dampen the higher-intensity
red emission to match observations during occultation.
Twind is restricted to 8000 ± 500 K for β = 2.0 and Tmag =
8500 K, and M˙wind/M˙acc has been varied between 0.05 and 0.15,
in line with the canonical value of 0.1, by keeping the accretion
rate constant at 5× 10−9 M yr−1 and varying the mass-loss rate.
The effect of varying M˙wind/M˙acc is shown in Fig. 16. There is
little variation between profiles with ratios separated by 0.01 out
of occultation. Variation between profiles is greater during occul-
Figure 16. Variation of the Hβ profile shape with different M˙wind/M˙acc
values. ϕ = 0.0 is shown on the left and ϕ = 0.5 on the right. Observed
profiles are in grey for comparison. All profiles are calculated with Tmag =
8500 K and Twind = 8000 K.
tation, with the red wing switching from absorption to emission at
M˙wind/M˙acc = 0.09.
While models with higher mass-loss rates fit the observations
better out of occultation, ratios around 0.1 fit better during occulta-
tion, with higher mass-loss rates giving excess emission. The vari-
ation in profile shape with different values for Twind is plotted in
Fig. 17. Similarly, different values fit the observed profiles better
at different phases, with ∼ 8100–8200 K best describing the pro-
file at ϕ = 0.0 and ∼ 7900–8000 K best describing the profile at
ϕ = 0.5.
Out-of-occultation profiles are well-described by the canoni-
cal value of M˙wind/M˙acc = 0.1, Tmag = 8900 K and Twind =
8000 K. However, we have been unable to reduce the redward emis-
sion to match observations during occultation. The full grid of pro-
files for this model is shown in Fig. 18. During occultation, the
line profiles are generally best described by a model with a cooler
magnetosphere, where M˙wind/M˙acc = 0.09, Tmag = 8500 K
and Twind = 8000 K, shown in Fig. 19. Individual profiles dur-
ing occultation are also well-matched by M˙wind/M˙acc = 0.1,
Tmag = 8500 K and Twind = 7900 K (ϕ = 0.5, Fig. B3) and
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Figure 18. Best fitting models for Hβ profiles out of occultation, with M˙wind/M˙acc = 0.1, Tmag = 8900 K and Twind = 8000 K. The magnetosphere
contribution is shown by the red dotted line, and the magnetosphere-plus-wind profile is shown by the black solid line.
Figure 19. Best fitting models for Hβ profiles during occultation, with M˙wind/M˙acc = 0.09, Tmag = 8500 K and Twind = 8000 K. The magnetosphere
contribution is shown by the red dotted line, and the magnetosphere-plus-wind profile is shown by the black solid line.
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Figure 17. Variation of the Hβ profile shape with different Twind val-
ues. ϕ = 0.0 is shown on the left and ϕ = 0.5 on the right. Ob-
served profiles are in grey for comparison. All profiles are calculated with
M˙wind/M˙acc = 0.1 and Tmag = 8500 K.
M˙wind/M˙acc = 0.1, Tmag = 8400 K and Twind = 8000 K
(ϕ =0.40 and 0.55, Fig. B4).
4 DISCUSSION
The geometry of AA Tau is fairly well constrained by photometry,
despite variations in the light curves between rotations. There is no
degeneracy between the aspect ratio of the warp and the dipole off-
set. While light curves with a small aspect ratio and dipole offset are
shallower than those with larger values, models with a smaller as-
pect ratio and larger offset are not matched by models with a larger
aspect ratio and smaller offset because these parameters affect dif-
ferent parts of the light curve – the out-of-occultation brightness
appears to depend strongly on the the dipole offset, where larger
offsets yield brighter maxima. This restricts the range in suitable
dipole offset values, where aspect ratio is then varied to achieve a
suitable depth during occultation. The inner magnetosphere radius
has negligible effect on V -band photometry. B-band results have
a much stronger dependence on this value, particularly for larger
aspect ratios.
While we have used spectroscopic models to obtain a best fit-
ting value for β, it is unlikely that spectroscopy places stronger
constraints on the dipole offset angle than photometry in general
due to the degeneracies present in the disc wind model. While we
have presented two best fitting parameter sets in the spectroscopic
study, there are numerous other acceptable solutions. In general,
we have found that for the canonical value of M˙wind/M˙acc ∼ 0.1
with Tmag = 8500 – 8900 K and Twind = 8000 K are required.
A wind of some description is certainly necessary to produce the
deep central absorption feature seen in observations. It is not clear
whether the dominant source of outflow from CTTs is a disc wind,
jet, stellar wind, or some combination of these, but our disc wind
model matches the absorption feature fairly well.
The main issue with these results is the strength of the red
emission peak during occultation. We have demonstrated that the
red portion of the profile shows absorption features for sufficiently
low mass-loss rates and temperatures, but we have been unable to
produce profiles with both sufficient emission at phases out of oc-
cultation and sufficient damping on the red side during occulta-
tion to match observations. This is particularly noticeable in Hα
during occultation, where both the red and blue peaks are signifi-
cantly stronger than observations, despite providing a reasonable fit
out of occultation (Figs B1(a) and B2(a)). There is also a discrep-
ancy between the line broadening in models and observations for
Hβ. While hotter magnetospheres produce more broadening (see
Fig. 15), these temperatures also produce significant redward emis-
sion, exacerbating the previous issue with our wind geometry. As
with Hα, our Hγ profiles fit observations fairly well out of occulta-
tion, but do not provide such a good description during occultation
(Figs B1(b) and B2(b)), where in this case our model profiles do
not produce such strong emission, even in the epochs where Hβ
fits well (e.g. φ = 0.5). This discrepancy may be rectified by us-
ing a more complex wind geometry; given the asymmetry of the
accretion flow and the evidence for winds being powered by the
accretion process, it may be natural to expect a similar asymme-
try to be found in the wind parameters. The “eggbeater” model of
(Johns & Basri 1995, their Fig. 15) may give a more accurate so-
lution. This model describes a wind where rotational modulation
occurs in 180◦ phases since material is loaded more easily on to
the wind flow when there is a large potential to overcome along the
funnel flow, i.e. for φ = 0, with the reverse being true for φ = 0.5.
We have been able to simultaneously fit photometry and spec-
troscopy to AA Tau observations for Hα, Hβ and Hγ spectral lines
and have recovered numerous parameters describing the entire sys-
tem that are consistent with previous studies. Our study of the mag-
netosphere has found that photometric and spectroscopic observa-
tions are fitted well by a model of a dipole field with an offset of
θ = 10 to 20◦, consistent with Donati et al. (2010) who found
that the magnetic field of AA Tau is best described by a dipole in-
clined at θ ' 20◦. Valenti & Johns-Krull (2004) derived an offset
of θ = 12◦ from spectropolarimetric measurements, although they
assumed a smaller inclination angle of i = 66◦. We have also con-
strained the height of the disc warp, finding photometric data are
best matched by an aspect ratio of hmax/ro = 0.31. This is in
agreement with Alencar et al. (2010), who find hmax/ro ∼ 0.3 is
to be expected given that 28 per cent of their sample from CoRoT
observations show light curves similar to that of AA Tau, assuming
a random distribution of system inclinations. We also recover the
canonical value of M˙wind/M˙acc = 0.1, with values of around 0.05
or lower producing insufficient emission at all rotational phases,
and values greater than 0.15 producing excessive emission, par-
ticularly at ϕ = 0.5. However, we have found there is a degen-
eracy between the wind temperature and the acceleration param-
eter which cannot be constrained using the line profiles modelled
here. One further area of interest is the He I λ10830 line, found
to be present for AA Tau in a survey by Edwards et al. (2006).
He I λ10830 acts more like a resonance line rather than the re-
combination lines we have considered here. With phase-resolved
spectroscopy of the λ10830 line over AA Tau’s 8 d period, we
could potentially break this degeneracy. Further constraints could
be placed on the geometry of AA Tau with ground-based high-
resolution imaging techniques such as interferometry. Direct imag-
ing of AA Tau has already been achieved using the Hubble Space
Telescope clearly showing the disc, as well as showing evidence of
jet outflows (Cox et al. 2013). Photopolarimetry is another avenue
of study for constraining the disc structure of AA Tau. Polarimetric
variations have been observed by Bouvier et al. (1999, 2003) and
Me´nard et al. (2003), who found that polarization is strongest when
the system is faint, consistent with the presence of additional disc
material enhancing the amount of polarization. Photopolarimetry of
the warp modelled by O’Sullivan et al. (2005) yields a warp posi-
tion slightly interior to the corotation radius, with their warped disc
model reproducing observed brightness and polarization variations
well.
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5 SUMMARY
While initially variations in the light curves of CTTs were thought
to be rare, such features have been shown to be present in at least
28 per cent of light curves (Alencar et al. 2010). AA Tau was the
first CTT observed to exhibit such photometric variations, and has
been included in, and the subject of, many observational campaigns
since (e.g. Gullbring et al. 1998; Bouvier et al. 1999, 2007, 2013;
Grankin et al. 2007; Johns-Krull 2007; Donati et al. 2010). Us-
ing the radiative transfer code TORUS we have produced synthetic
photometry and spectroscopy which were compared to photomet-
ric and spectroscopic observations from B99, B03 and B07, as well
as photometry from ASAS, to constrain geometric and physical pa-
rameters for AA Tau, simultaneously fitting photometry and spec-
troscopy. The geometry of the system varies over time as the mag-
netic field lines emanating from the star break and reconnect, so
while our best fitting parameter sets have been found to best de-
scribe the system on average, different values will give superior fits
at different times. Photometric models were used to constrain the
mass accretion rate, the maximum height of the inner disc warp, the
dipole offset, and the inner radius of the magnetosphere. Spectro-
scopic models were used to further constrain the dipole offset, and
to investigate the mass-loss rate from a disc wind, the temperature
of the wind, and the temperature of the magnetosphere. We found
that models with a mass accretion rate of ∼ 5 × 10−9 M yr−1
yielded an accretion luminosity of up to 6.1× 10−2 L, consistent
with the value of 6.5× 10−2 L calculated by B99. This accretion
rate is consistent with the range of 2–7×10−9 M yr−1 calculated
from Hα and Hβ line fluxes in Bouvier et al. (2013). We collated all
publicly available B- and V -band photometry and found average
light curves are best described by hmax/ro ∼ 0.31 and θ = 10◦–
20◦, consistent with B99 who also derived hmax/ro = 0.3 (see
also Terquem & Papaloizou 2000), and Alencar et al. (2010) who
also found hmax/ro ∼ 0.3 for AA Tau-like light curves. The range
in dipole offsets is consistent with Donati et al. (2010) who found
θ = 20◦, although our spectroscopic models favour θ = 10◦. A
disc wind is required to recover the line shapes observed. Although
degeneracies between density and temperature in the disc wind pre-
vent the determination of absolute values, we have found that the
canonical value for mass-loss rate to mass accretion rate of 0.1 is
recovered. Disc wind and magnetosphere temperatures of Twind ∼
7900–8000 K and Tmag ∼ 8400–8500 K have been established.
A future study of the He I λ10830 line for AA Tau would be
beneficial to further constrain the outflow mechanism. Developing
a more complex, azimuthally asymmetric disc wind calculation in
TORUS may also account for the variations between the best fit-
ting wind parameters at different phases encountered here. How-
ever, we cannot progress much further than this by fitting spectra
alone. Extra leverage may soon be achievable with spectrally re-
solved interferometry, which has already been used successfully to
infer information about Herbig Ae/Be stars (e.g. Kraus, Preibisch &
Ohnaka 2007; Kraus et al. 2008). Current instrumentation is unable
to achieve the sensitivity in both signal-to-noise and resolution to
probe the small inner region of T Tauri stars, but it remains an excit-
ing prospect for the next generation of interferometers. The advent
of high-resolution interferometry will allow us to infer spatial in-
formation about CTT systems, providing much stronger constraints
on a system’s geometry.
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APPENDIX A: COMPARISONS BETWEEN
OBSERVATIONS AND SYNTHETIC PHOTOMETRY
Here we present some of our photometric models with averaged
observational photometry, for B-band (top) and V -band (bot-
tom). Different magnetosphere sizes are presented, with ri = 5.2
(dashed), ri = 6.4 (dotted), and ri = 7.6 (dash-dot). Dipole off-
set and aspect ratio have also been varied, with values for each
of these given in the captions. A mass accretion rate of M˙acc =
5 × 10−9 M yr−1 is used. All other parameters are as presented
in Table 2, in the main text.
Figure A1. Comparisons between observations and models where θ = 10◦
and hmax/ro = 0.31.
APPENDIX B: COMPARISONS BETWEEN
OBSERVATIONS AND SYNTHETIC SPECTROSCOPY
Here we present spectroscopic models with observed line profiles
for Hα, Hβ and Hγ. A selection of models are presented, as refer-
enced in the main body of the text. The ratio of mass-loss rate to
mass-accretion rate, the wind temperature, and the magnetosphere
temperature have been varied, with values for these given in the
figure captions. All other parameters are as presented in Table 4, in
the main text.
This paper has been typeset from a TEX/ LATEX file prepared by the
author.
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Figure A2. Comparisons between observations and models where θ = 10◦
and hmax/ro = 0.32.
Figure A3. Comparisons between observations and models where θ =
10◦ and hmax/ro = 0.33.
Figure A4. Comparisons between observations and models where θ = 10◦
and hmax/ro = 0.34.
Figure A5. Comparisons between observations and models where θ =
20◦ and hmax/ro = 0.33.
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Figure A6. Comparisons between observations and models where θ = 30◦
and hmax/ro = 0.29.
Figure A7. Comparisons between observations and models where θ =
30◦ and hmax/ro = 0.30.
Figure A8. Comparisons between observations and models where θ = 40◦
and hmax/ro = 0.29.
Figure A9. Comparisons between observations and models where θ =
40◦ and hmax/ro = 0.30.
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(a) Hα (b) Hγ
Figure B1. Comparison of models with observed line profiles for M˙wind/M˙acc = 0.1, Tmag = 8900 K and Twind = 8000 K. The magnetosphere
contribution is shown by the red dotted line.
(a) Hα (b) Hγ
Figure B2. Comparison of models with observed line profiles for M˙wind/M˙acc = 0.09, Tmag = 8500 K and Twind = 8000 K for Hα and Hγ. The
magnetosphere contribution is shown by the red dotted line.
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Figure B3. Observed Hα , Hβ and Hγ profiles compared with models where M˙wind/M˙acc = 0.10, Tmag = 8500 K and Twind = 7900 K. The
magnetosphere contribution is shown by the red dotted line.
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Figure B4. Observed Hα , Hβ and Hγ profiles compared with models where M˙wind/M˙acc = 0.10, Tmag = 8400 K and Twind = 8000 K. The
magnetosphere contribution is shown by the red dotted line.
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